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a b s t r a c t
Homothorax belongs to the TALE-homeodomain family of transcription factors, together with its
vertebrate counterparts, the Meis family of proto-oncogenes. It fulﬁlls many important different
functions during embryonic and larval developments in Drosophila, which encompass from subdivision
and speciﬁcation of body parts to assembly of heterochromatin structures. Hth interacts with
Extradenticle, another member of the TALE-homeodomain family of conserved transcription factors, to
facilitate its entrance to the nucleus. The many different functions described for Hth rely on the
complexity of the locus, from which six different isoforms arise. The isoforms can be grouped into full-
length and short versions, which contain either one or the two conserved domains of the protein
(homeodomain and Exd-interacting domain). We have used molecular and genetic tools to analyze the
levels of expression, the distribution and the function of the isoforms during embryonic development.
Our results clearly show that the isoforms display distinct levels of expression and are differentially
distributed in the embryo. This detailed study also shows that during normal embryonic development
not all the Hth isoforms translocate Exd into the nucleus, suggesting that both the proteins can also
function separately.
We have demonstrated that the full-length Hth protein activates transcription of exd, augmenting the
levels of exd mRNA in the cell. The higher levels of Exd protein in those cells facilitate its entrance to the
nucleus.
Our work demonstrates that hth is a complex gene that should not be considered as a functional unit.
The roles of the different isoforms probably rely on their distinct protein domains and conformations
and, at the end, on interactions with particular partners.
& 2013 Elsevier Inc. All rights reserved.
Introduction
Transcription factors are DNA binding proteins capable of going
back to the nucleus to regulate the transcription of downstream
genes. During Drosophila development they have been shown
to be the key players, lying on top of many cascades of gene
regulation. One widely studied transcription factor in Drosophila is
the Homothorax protein.
Homothorax belongs to the TALE-homeodomain subfamily of
proteins and shares a high degree of homology with their
vertebrate counterparts: the Meis family of proto-oncogenes
(Bürglin, 1997; Pai et al., 1998; Rieckhof et al., 1997). Homeo-
domain proteins contain a conserved domain of 60 amino acids
(HD) through which they can interact with the DNA. In addition to
this, the Prep–Meis family shares a conserved domain in its N-
terminal part, called the HM domain (Homothorax–Meis domain).
This domain has been described to be the fundamental for the
interaction and nuclear translocation of Extradenticle (Exd),
another TALE-homeodomain subfamily, which is homologous to
Pbx in vertebrates (Rieckhof et al., 1997; Knoepﬂer and Kamps,
1997; Berthelsen et al., 1998; Ryoo and Mann 1999).
In Drosophila, the Hth and Exd products are intimately associated
with each other and frequently work as a functional unit. The nuclear
import of Exd is regulated by Hth (Pai et al., 1998; Abu-Shaar et al.,
1999), so that in the absence of Hth, Exd remains in the cytoplasm,
where it is supposed to be inactive. In the presence of Hth both the
proteins associate and translocate into the nucleus. It is widely
assumed that exd is expressed ubiquitously, but it is only functional
when Exd product is transported to the cell nucleus (Pai et al., 1998;
Rieckhof et al., 1997; Gonzalez-Crespo and Morata, 1995; Rauskolb
et al., 1995; Aspland and White, 1997). In turn the Exd nuclear activity
is necessary to prevent the degradation of the Hth product (Pai et al.,
1998; Aspland and White, 1997; Mann and Abu-Shaar, 1996; Kurant
et al., 1998; Abu-Shaar and Mann, 1998).
Many diverse functions have been described for those tran-
scription factors during embryonic and adult developments, in
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vertebrates as well as in Drosophila, suggesting that they are the
key developmental regulators.
One of the principal roles described for hth/exd is its function as
a cofactor of Hox proteins (Rieckhof et al., 1997; Peifer and
Wieschaus, 1990; Rauskolb et al., 1993; Mann and Chan, 1996;
Ryoo et al., 1999). The Hth and Exd proteins contribute to the
speciﬁcity of the Hox products by forming complexes with the
different Hox proteins that recognize Hox binding sites with
higher afﬁnity and speciﬁcity (Ryoo et al., 1999; Chan et al.,
1994; Van Dijk and Murre, 1994).
In addition to their role as Hox cofactors, there are hth/exd
functions that seem to be independent of Hox activity. Indeed,
during larval development hth is involved in the subdivision of
wings and legs into proximal and distal domains (Abu-Shaar and
Mann, 1998; Azpiazu and Morata, 2000, 2002; Casares and Mann,
2000; Gonzalez-Crespo et al., 1998) and in the development of the
posterior part of the notum or scutellum (Aldaz et al., 2005).
Moreover, hth has been reported to be a selector gene in antennal
development (Casares and Mann, 1998; Dong et al., 2002). The role
of Hth/Meis proteins in limb development has been shown to be
evolutionary conserved in fruit ﬂy, chicken, and mouse (Mercader
et al., 1999). Hth has also been reported to be involved in eye
development (Bessa et al., 2002) and photoreceptor cell-fate deter-
mination (Lappin et al., 2006), and it plays multiple roles in the
formation of adult ﬂy organs, both as a selector of identity and as an
organizer of proximal–distal axis (Abu-Shaar and Mann, 1998;
Casares and Mann, 1998, 2000; Wu and Cohen, 1999). Hth has also
been reported to play a role in cell proliferation (Peng et al., 2009).
That hth/exd have these additional functions is not totally unex-
pected since hth and exd encode transcription factors that regulate
the transcriptional activity of speciﬁc targets genes. However, an
unexpected role for hth in centric heterochromatin assembly in
early embryos has been recently described (Salvany et al., 2009).
The versatility that these transcription factors display throughout
the development correlates with a high complexity in the hth locus.
It spans over 100 kb and contains 14 small exons separated by very
large introns. Six different isoforms have been documented to be
generated by alternative splicing (Flybase). A ﬁrst description of
the possible functions of the different isoforms was published
before (Noro et al., 2006). However, more isoforms have appeared
since then. In addition, in that previous work the hth1001 mutant
has been used. Such mutant has been reported to bear a C to T tran-
sition in position 2213 that changes Arg321 to a stop codon (Kurant
et al., 2001). Therefore, these mutants should not be able to tran-
slate the C-terminal part of the protein, which includes the home-
odomain. All the conclusions from the work of Noro et al. are based
on the assumption that hth1001 mutants have only HD-less iso-
forms. However, the speciﬁc Hth antibody that recognizes the C-
terminal part of the protein gives a strong nuclear signal in the
hth1001 mutants (Supplemental Fig. 1). The nature of this C-ter-
minal containing protein is unknown, but it is clear that the con-
clusions of Noro et al. need to be revised.
Here, we have used a characterized deﬁciency to study in detail
the differences in temporal and spatial expressions of the distinct
isoforms, and analyzed their contribution to normal development.
The detailed study of the many isoforms led us to conclude that
they exhibit cross-regulatory interactions and that the relationship
with Exd is more complex than described so far.
Results
Relative amounts of the different Hth isoforms in wild-type embryos
The hth locus spans over 100 kb and contains 14 small exons
separated by long intronic regions. Alternative splicing generates
six different isoforms that can be grouped into full-length proteins,
that contain the HM and HD domains (hthRA, hthRC, hthRH), and
two groups of short proteins: one HD-less, that contains the HM
domain (hthRE and hthRF) and one HM-less, that contains the HD
domain (hthRG) (see Fig. 1A).
To study the relative contribution of the different isoforms to
embryonic development we have measured the relative amounts
of the mRNAs by qRT-PCRs, using speciﬁc primers (see Fig. 1A and
Materials and methods). Due to their high similarity in DNA
sequence, it was impossible to label speciﬁc RNAs for the three
long isoforms. We have grouped them together and named as full-
length isoforms (Flhth). Other than this, we have designed speciﬁc
primers for the hthRG isoform, as well as for the hthRF and hthRE
ones (see Fig. 1A and Materials and methods).
The more abundant isoforms are the Flhth, which are eight
times more abundant in the embryos than the hthRF. This result is
not surprising, due to the fact that the primers used recognize the
three Flhth, the hthRG and the maternal component (Salvany et al.,
2009). The amount of hthRG, although detectable, is approxi-
mately 125 times less abundant than that of the Flhth and 16 times
less represented than the hthRF (see Fig. 1B). With this technique
we were unable to detect the transcripts for the hthRE isoform.
We then wanted to analyze the spatial and temporal distribu-
tion of the different isoforms. Their low general levels make them
hard to be detected by the traditional in situ hybridization
technique. With speciﬁc probes we were only able to detect the
long ones. The probe we designed to be speciﬁc for the hthRF
isoform hybridizes to an exon in hthRF and an intron in the rest of
the isoforms. The in situ hybridization using this probe gave a
strong signal in nuclear speckles, suggesting that it binds to
the immature long RNAs being processed in the nucleus (data
not shown). This strong signal made it difﬁcult to distinguish
the milder signal in the cytoplasm that would correspond to the
mature hthRF isoform. For the hthRE isoform we had the same
Fig.1. hth transcripts. (A) The hth locus spans over 100 kb and gives rise to six
different mRNAs, coding for distinct isoforms: the full-length isoforms HthRA,
HthRC and HthRH, containing the HD and the HM domains, two short isoforms,
containing only the HM domain (HthRE and HthRF) and one short isoform HthRG,
which has only the homeodomain. The 5’ end is on the left. Modiﬁed from Flybase.
(B) Absolute quantiﬁcation of hth mRNAs in wild-type embryos. The primers used
to amplify the hth mRNAs are shown in (A) (green triangles). The full-length hth
mRNAs (Flhth) are the most abundant ones, the hthRF mRNA is about eight times
less abundant than the Flhth mRNAs. There is a very low amount of hthRG mRNA
and the levels of the hthRE mRNAs are not detectable with this technique.
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problem, aggravated by the very low amount of hthRE present in
the cells.
To circumvent this problem, we used, whenever possible,
speciﬁc antibodies against the different isoforms. There is a
commercial available antibody that recognizes the C-terminal part
of Hth, which corresponds to the FlHth and the HthRG isoforms
(Slattery et al., 2011). We generated two antibodies against the
HthRE and HthRF isoforms, using speciﬁc peptides (see Materials
and methods).
We then tried all the three antibodies in wild-type embryos.
We detected differences in the distribution of the full-length
isoforms and the short HthRF. The short HthRF isoform starts to
be detected in the nuclei of the early embryo (see Fig. 2A”), at
the time Exd is still cytoplasmic (see Supplemental Fig. 2A”).
In contrast, we do not observe any nuclear expression of the HD-
containing isoforms until short before germ-band extension (st.9).
At this stage, both the HthRF and the FlHth are nuclear (see
Fig. 2B), and Exd is detected in the nuclei, too (see Supplemental
Fig. 2B”). However, the distribution of FlHth is almost uniform in
the nuclei along the A/P axis whereas HthRF shows higher levels
or nuclear expression in the anterior segments and lower
nuclear distribution towards the posterior (see Fig. 2D”). There
are some other differences in the levels of expression in the
internal organs like muscles and gut (see Fig. 2C). We also detect
subtle differences in the head and at the posterior of the embryo
(data not shown).
The HthRE isoform shows a low general distribution in wild-
type embryos, hard to be detected with our speciﬁc antibody (see
Fig. 2E”). We know that the antibody is speciﬁc and that it
recognizes the HthRE protein because we can detect the protein
when we over-express it (see Supplemental Fig. 3B and F), and
because the pre-immune serum does not give any signal (not
shown). The difﬁculties that we encounter trying to visualize the
protein in wild-type embryos are due to the general low levels of
the transcript undetectable by our qPCR experiment.
From our expression analysis we can conclude that the differ-
ent Hth isoforms show different patterns of expression during
embryonic development. The HD-containing proteins show cyto-
plasmic distribution until short before germ-band extension,
whereas HthRF starts to be nuclear in early cellular blastoderm.
Fig. 2. Analysis of the distribution of Hth isoforms during embryonic development with speciﬁc antibodies. (A) The HthRF (red) is nuclear and ubiquitous, whereas the
HD-containing isoforms (green) are still cytoplasmic. (B) During germ-band extension, the HD-containing isoforms (green) become nuclear and have an expression similar to
HthRF (red). (C) In the interior of the embryo, the HD-containing isoforms (green) and HthRF (red) show differences in the levels of expression. (D) The HD-containing
isoforms (green) are expressed ubiquitously, whereas the HthRF (red) shows higher levels of expression in the anterior part of the embryo. (E) The HthRE (blue) shows a
ubiquitous and very low expression during embryonic development.
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To conﬁrm the speciﬁcity of the antibodies raised, we ectopically
expressed all the isoforms in thewing pouch, where Hth is not present
in the nucleus (Azpiazu and Morata, 2000). The results are shown in
Supplemental Fig. 3. We detect the presence of the nuclear proteins
when we ectopically express the FlHth (Supplemental Fig. 3A), the
HthRE (Supplemental Fig. 3B), and the HthRF (Supplemental Fig. 3C),
but never with the HthRG isoform, neither with the antibody raised
against the C-terminal part of the protein nor with the general anti-
Hth antibody (Supplemental Fig. 3D, data not shown). In all these
experiments we stained the wing disc with all the three antibodies, to
ensure that the ectopic expression of the distinct isoforms is only
recognized by the speciﬁc antibody and not by the others. The
speciﬁcity of the antibodies was also tested by overexpressing the
distinct Hth isoforms in the embryos with the general driver nulloGal4
and performing a western blot analysis with the protein lysates of
these embryos, using the speciﬁc respective antibodies. The result of
such an experiment is shown in Supplemental Fig. 3 F and conﬁrms
the speciﬁcity of our antibodies.
Contribution of the different isoforms to normal development
A ﬁrst attempt to separate the function of the HD-containing
and HD-less isoforms was done by Noro et al. In their study, they
use the hth1001 mutant which harbors a mutation consistent of a
C to T transition in the position 2213 that changes Arg321 to a stop
codon (Kurant et al., 2001). These mutants should therefore not be
able to translate the C-terminal part of the protein, which includes
the homeodomain. We have checked that by doing immunostain-
ing with the C-terminal speciﬁc antibody in hth1001 homozygous
embryos. Our result clearly shows that hth1001 embryos generate
a nuclear protein that is recognized by the antibody (Supplemental
Fig. 1). The nature of this protein is unknown, but its presence
suggests that the conclusions driven by Noro et al. might not be
correct, and need to be revised.
We have studied the different functions of the distinct isoforms
during embryonic development using a well-deﬁned deﬁciency
within the hth genomic region (Fig. 3A) (see Materials and
methods). We refer to it as Dfhth. In the ﬁrst place, we generated
UAS-lines for the different transcripts (see Materials and
methods). These transcripts were then individually expressed in
the homozygous mutant background, and the degree of rescue was
analyzed.
As shown in Fig. 3A, the Dfhth lacks the 5´genomic region, and,
therefore, only the hthRG isoform can be transcribed. To conﬁrm
this, we performed qRT-PCR in Dfhth homozygous embryos to
analyze the presence of the different hth isoforms. The result is
summarized in Fig. 3B. As expected, Dfhth mutants show neither
hthRE nor hthRF transcripts and the levels of the full-length
isoforms are very much reduced. We still observed some Flhth
transcripts in the mutants that we believe are of maternal origin
(Salvany et al., 2009) and the remaining hthRG (note that the
primers used to amplify the Flhth transcripts also recognize the
hthRG, see Materials and methods). hthRG shows a mild reduction
of 1.2 times in the mutant background.
We stained embryos with the antibodies against the different
isoforms to study the distribution of the proteins in the mutant
background.
In Dfhth homozygous embryos we were only able to detect
cytoplasmic Hth protein using both the C-terminal speciﬁc antibody
and the one that recognizes all the Hth isoforms (data not shown and
Fig. 4B’). This protein represents the remaining HthRG and the
maternal deposited one, which are impossible to be distinguished
by antibody staining. This observation suggests that either HthRG is
cytoplasmic because its reduced levels in the mutant are not
sufﬁcient to permit its nuclear translocation or this translocation
depends on the presence of other isoforms that are missing in the
mutant. The ectopic expression experiments performed above show
that HthRG is not able to translocate to the nucleus even when
expressed at high levels in the wing pouch (Supplemental Fig. 3D),
indicating that HthRG is cytoplasmic in Dfhth embryos probably due
to the absence of the other isoforms. We have conﬁrmed this
assumption by ectopically expressing HthRG together with HthRF
in the wing pouch. By doing so, we detect nuclear ectopic HthRG
(using the C-terminal speciﬁc antibody) together with the ectopic
HthRF in the wing pouch (Supplemental Fig. 3E).
As expected, neither HthRF nor HthRE signals are detectable in
Dfhth mutant embryos (not shown).
It has been described that Hth function is mediated by Exd
nuclear localization. Therefore, we checked Exd distribution in our
mutant embryos. Exd, known to be dependent on Hth for its nuclear
translocation, stays in the cytoplasm in Dfhth embryos (Fig. 4B”). This
result is not surprising, because HthRG, the only Hth isoform present
in the mutant, lacks the HM domain and lies in the cytoplasm, and it
is therefore not able to translocate Exd to the nucleus.
The Dfhth homozygous embryos show a severe cuticle pheno-
type, similar to the one described for other strong hth alleles
(Rieckhof et al., 1997). The thoracic and abdominal segmentation is
impaired, and it also shows malformations in the head and tail
regions (see Fig. 4A).
We analyzed to what extent we were able to rescue Dfhth
mutant phenotype when bringing back to the embryo the distinct
isoforms, one by one. We looked at the distribution of the
introduced isoform, and also checked the localization of HthRG
(when possible, see below), and of Exd. Two different Gal4 lines
were used: the early general nulloGal4 (Rose and Wieschaus,
1992), to try to rescue the cuticle phenotype and the UbxGal4
(Herranz and Morata, 2001; de Navas et al., 2006), to check the
distribution of proteins in the developing embryo. The latter leaves
us the anterior part of the embryo as a wild-type control.
First, we examined the outcome of augmenting the levels of
HthRG in Dfhth embryos. Even high levels of HthRG in Dfhth
embryos do not facilitate the translocation of the protein into the
nucleus (data not shown). We can see a similar result when we
Fig. 3. The Dfhth mutant. (A) The Dfhth mutant lacks the 5’ genomic region (gray
box), therefore only the hthRG mRNA can be transcribed. The 5’ end is on the right.
Modiﬁed from Flybase. (B) Absolute quantiﬁcation of hth mRNAs in Dfhth embryos,
compared with wild-type ones. The hthRE and hthRF mRNAs are absent in the
mutant and the full-length transcripts are reduced, compared to wild type.
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ectopically express HthRG alone in the wing pouch (see above and
Supplemental Fig. 3D). The cuticle phenotype of those larvae is
consequently nearly not rescued (Fig. 4A).
We then examined the degree of rescue obtained when
expressing FlHth in the Dfhth background. The result is shown
in Fig. 4A. In this experiment we were not able to analyze the
Fig. 4. Analysis of the Dfhth mutant phenotype and rescue experiments. (A) Cuticle phenotypes of the Dfhth embryos and degree of rescue of the distinct isoforms in this
mutant background. From left to right: the cuticle phenotype of a wild-type embryo; the abnormal cuticle of the Dfhth mutant, showing severe defects in body
segmentation, and in the head and tail regions; the expression of the FlHth isoforms, shows an almost complete rescue of the phenotype; the introduction of the HthRE
causes a rescue of the number of segments, but not of their morphology; the expression of the HthRF leads to a good rescue, in the number and the morphology of the
segments; the overexpression of the HthRG does not lead to any rescue of the Dfhth mutant. (B) Localization of Hth and Exd in a Dfhth embryo (C–G) and overexpression of
the distinct Hth isoforms in the Ultrabithorax (Ubx) domain in the mutant. (B) Hth (red) and Exd (blue) are cytoplasmic in Dfhth embryos. (C) The expression of the FlHth
isoforms (green) in the Ubx domain induces the nuclear translocation of Exd (blue). (D) The addition of the HthRE causes the nuclear translocation of this isoform (red) and
of Exd (blue). (E) The expression of the HthRF (red) leads to the nuclear translocation of Exd (blue). (F) The addition of the HthRE (red) causes the nuclear translocation of the
HthRG (green). (G) The expression of the HthRF (red) also leads to the nuclear translocation of HthRG (green).
E. Corsetti, N. Azpiazu / Developmental Biology 384 (2013) 72–8276
distribution of HthRG because our speciﬁc antibody does not
discriminate between the FlHth and the HthRG. Embryos in which
the FlHth has been expressed since early stages of embryogenesis
show an almost complete rescue of the larval cuticle phenotype. In
these embryos the expression of the FlHth isoform in the Ubx
domain induces the nuclear translocation of Exd, as illustrated in
Fig. 4C”.
We next expressed the short HthRE in the Dfhth mutant
background. As shown in Fig. 4A, the phenotypic outcome of this
expression is a partial rescue of the larval cuticle, in which the
number of abdominal segments is restored but their morphology
is not completely wild type. As illustrated in Fig. 4D’, introducing
the HthRE isoform in the Dfhth embryos results in nuclear HthRE
that is detected by our speciﬁc anti-HthRE antibody. In those
embryos we are also able to detect nuclear HthRG and nuclear Exd
(see Fig. 4F” and D”).
In the last set of experiments we introduced the HthRF isoform
in Dfhth embryos. The degree of rescue of the larval cuticle in these
embryos is higher than the observed when expressing HthRE (see
Fig. 4A). Not only the number of segments is rescued, but also the
morphology of those is almost normal. Only the ﬁrst abdominal
segment is altered, suggesting that the normal function of the Hox
Ubx protein is not completely restored. Expression of the short
HthRF isoform in a Dfhth background results in nuclear HthRG (see
Fig. 4G”) and those cells also exhibit nuclear Exd (see Fig. 4E”).
Cross-regulatory interactions of the different isoforms
We wanted to check if the different isoforms are able to
regulate each other. With this goal we performed experiments in
embryos in which all the isoforms are present and it is possible to
detect the distribution of any isoform when overexpressing
another one.
Embryos of the genotype UbxGal4/UASFlHth show reduced
levels of the HthRF isoform in the Ubx expressing domain (see
Fig. 5B”). This phenotype is unlikely to be due to sequestration of
Exd by the ectopic FlHth that could result in the instability of HthRF,
because the levels of Exd also augment in the Ubx domain of
UbxGal4/UASFlHth embryos (Supplemental Fig. 4). This observation
rather indicates that, when overexpressed in the embryo, FlHth is
able to repress or destabilize the HthRF isoform (compare Fig. 5B”
with A”). The HthRE isoform is also able to diminish the levels of
HthRF protein when ectopically expressed at high levels (Fig. 5C”).
In this experiment, we do not observe any changes in the distribu-
tion of the FlHth and/or the HthRG (data not shown).
The overexpression of the HthRF isoform does not result in a
signiﬁcant alteration of any of the other isoforms (not shown).
However, the high levels of HthRF protein are very hard to detect,
and can only be visualized sometimes in the ﬁrst abdominal
segment. One possible explanation for this observation is that
the ectopic HthRF is unstable and disappears from the cells before
being able to alter the levels of the other isoforms.
FlHth activates exd transcription
The homeobox containing protein Exd has been reported to be
a partner of Hth. Several groups have proposed that Hth binds Exd
to translocate it to the nucleus and that, in the absence of Hth, Exd
remains in the cytoplasm (Rieckhof et al., 1997; Kurant et al., 1998).
This interaction occurs through a conserved domain present in Hth
and in all its family members called the HM domain. The HM
domain is located in the N-terminal part of the protein, and with
the exception of the HthRG isoform, it is present in all the Hth
isoforms. The fact that in the early blastoderm embryos the HthRF
isoform is clearly nuclear, whereas Exd remains in the cytoplasm
suggests that the general assumption of HthþExd translocating
together to the nucleus needs to be revised. Therefore, we have
examined this issue in detail. We observe that nuclear Exd is
detected short after the ﬁrst expression of the FlHth and/or HthRG
isoforms. Because the mentioned isoforms contain the HD and are
therefore able to activate transcription, we hypothesized that they
could activate exd transcription. To check on this hypothesis
we overexpressed FlHth and looked at the levels of exd mRNA.
We drove the ectopic expression in the wing pouch, where the
levels of exd mRNA have been reported to be homogeneous
(Rauskolb et al., 1995) (see Fig. 6A), using the salGal4 driver, which
is expressed in the central region of the wing pouch. As a result of
Fig. 5. Cross-regulation of the different Hth isoforms. (A) Distribution of FlHth (green) and HthRF (red) in Ubx4GFP (GFP in blue). (B) The overexpression of the FlHth
isoform in the Ubx domain (green) causes the reduction of the HthRF levels (red). (C) The overexpression of the HthRE (blue) also leads to the diminishment of the HthRF
levels (red).
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this ectopic activation the levels of exd mRNA are increased in the
wing pouch (see Fig. 6B) and Exd protein is detected in the nuclei
(see Fig. 6E”). A similar experiment was performed in the leg
imaginal disc. Forcing expression of FlHth in the bric a brac (bab)
domain induces the activation of exd mRNA (compare Fig. 6C with
Fig. 6D).
It is worth noting that the high levels of Exd protein detected in
the sal4FlHth experiment (showed in Fig. 6E”) could not corre-
spond to a simple nuclear translocation of the protein present in
normal conditions (showed in Fig. 6F), but are rather the result of
the increased activation of the gene that we observe. Indeed, in a
wild-type wing pouch Exd, not only is cytoplasmic, but is also
expressed at low levels (Fig. 6F). Our result suggests that, together
with the ability to translocate Exd to the nucleus, the FlHth
isoforms are also able to activate exd transcription.
We wondered if high levels of Exd are sufﬁcient to facilitate its
entrance into the nucleus in the absence of HM-containing Hth
isoforms. To check this, we overexpressed Exd in Dfhth mutant
embryos using the UbxGal4 line. Those embryos show nuclear Exd
in most of the Ubx domain, even with no alteration of the
cytoplasmic Hth distribution (see Fig. 6G). Our results suggest
that high levels of Exd are necessary for the nuclear import of the
protein, and that this nuclear translocation can occur even in the
absence of any nuclear Hth isoform.
To verify that the levels of exd mRNA were increased in the
sal4FlHth wing discs, we performed RT-qPCR experiments. Our
results conﬁrmed that the sal4FlHth discs have higher levels of
exd mRNA than wild-type discs (see Fig. 6H). To conﬁrm this
result, we overexpressed FlHth in wild-type embryos using the
nulloGal4 line and measured the levels of exd mRNA comparing
them with wild-type embryos. The levels of exd RNA in the
embryos in which FlHth have been overexpressed were almost
eight times more abundant than in wild-type embryos (see Fig. 6I).
Discussion
So far, hth has been considered as a functional unit. However,
the locus is rather complex with six different isoforms being
formed by alternative splicing. Our main goal was to investigate
if the different isoforms have different temporal and spatial
requirements during embryonic development. With the available
tools we cannot discriminate between the three individual full-
length isoforms, which we grouped as FlHth. This should not mean
Fig. 6. FlHth isoform activates exd transcription. (A) In the wing pouch, the levels of exd mRNA are homogeneous in wild-type conditions. (B) When the FlHth is ectopically
expressed, exd transcription is activated, and the levels of exd mRNA are increased. (C) Wild-type expression of exdmRNA in the leg disc. (D) Expression of FlHth in the bric a
brac (bab) domain of the disc activates exd transcription. (E) As a consequence of this activation, the levels of Exd protein (red) are higher and its expression is nuclear.
(F) Expression of Exd protein (red) in a wild-type wing disc. (G) Exd (red) is nuclear when expressed in the Ubx domain of a Dfhth mutant embryo. The HthRG isoform
(green) remains cytoplasmic in this domain. (H) Relative quantiﬁcation of exd RNA in wing imaginal discs. The levels of exd RNA in sal4FlHth discs are increased when
compared with the wild-type levels. (I) Relative quantiﬁcation of exd RNA in embryos. The levels of exd RNA in nullo4FlHth embryos are almost eight times more abundant
than in wild-type embryos.
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that all the full-length isoforms fulﬁll the same functions, or that
they are expressed in the same places or at the same time.
From the qPCR experiment we conclude that, in the embryo,
the levels of the distinct transcripts are different. The two short
HM-containing isoforms differ in the 5´region that in hthRE
contains a non-coding exon and a long intron that is missing in
hthRF (see Fig. 1A). This ﬁrst non-coding exon in hthRE is
transcribed in the opposite orientation to form a non-coding
RNA (Flybase). We speculate that this ﬁrst exon, probably together
with some regulatory elements in the intron speciﬁc for this
isoform, differentially regulates the levels of the two mRNAs. This
suggests that the locus is complex not only because of its many
isoforms, but also for its very long introns that could have
regulatory sequences important for the correct expression of
isoforms. A previous report points that the hth locus contains an
ultraconserved intron (Glazov et al., 2005). The function of this
intron could be related with mRNA stabilization (Glazov et al.,
2006), and is an example of the importance of the regulatory
sequences embedded in introns of the hth locus.
Contrary to previous reports (Noro et al., 2006), we see
differences in the distribution of the different Hth isoforms. The
most remarkable one is the nuclear expression of the HthRF
isoform in the cellular blastoderm. At this same stage, the HD-
containing isoforms stay in the cytoplasm. When the HD-
containing isoforms become nuclear, their distribution is homo-
geneous along the A/P axis. The same is not true for the HthRF,
which shows a gradual expression, being higher in the thoracic
segments and lower towards posterior. There are also other
differences between the HD-containing isoforms and the HthRF,
like the differential expression in some cells in the head (not
shown) that all together suggest at least in part different functions
for the various isoforms.
We were not able to detect any speciﬁc pattern of expression
for the HthRE isoform, which we visualize as ubiquitous in the
embryo. However, the mRNA levels of this isoform are so low
(undetectable by our qPCR method) that we cannot be sure that
the expression we observed with the speciﬁc antibody is real.
One of the most surprising results is the observation that
HthRG stays in the cytoplasm in the absence of the other isoforms.
We never detect nuclear HthRG in Dfhth embryos, or when
ectopically expressing it in the wing pouch, where no other
nuclear Hth proteins are present. However, HthRG is nuclear in
Dfhth embryos when we express the HD-less isoforms and also in
the wing pouch when ectopically expressed together with an HD-
less isoform. This result suggests that the presence of HthRF and/or
HthRE is sufﬁcient for nuclear HthRG. The molecular mechanism
underlying this observation is presently unclear. This observation
also indicates that, with the Dfhth mutant, we are not able to
address the individual function of the HD-less isoforms because
both induce the nuclear translocation of HthRG. The question if the
HD-less isoforms would be able to rescue the cuticle phenotype
without HthRG remains open. The analysis of a complete hth-null
would be necessary to address it.
Introducing back the HthRE isoform in Dfhth mutants restores
segmentation in terms of number of segments but they still show
unusual morphologies. The rescue is better when the HthRF is
brought back into the embryo. In this latter case, not only the
number of segments but also their morphology is reestablished.
We assume that the levels of expression are similar in the two
experiments. Indeed, we detect similar levels of the expressed HD-
less protein, of nuclear Exd and of nuclear HthRG in the two sets of
experiments. In addition, we are able to detect the expressed
protein until late stages of embryonic development in the two
experiments, suggesting that the stability of both the proteins is
similar. The two proteins, HthRF and HthRE, differ in the last 24
amino acids, which seems to be essential for the different
functions. It is worth noting that both the short proteins have
the exact same number of amino acids (266), and that in position
256–259 (in the divergent part) both the proteins have the same
amino acids (ASY). The biological signiﬁcance of this observation is
unknown.
The rescue observed with the HD-isoforms could be due to a
possible nuclear interaction with HthRG that produces a “func-
tional full-length isoform” that fulﬁlls most of the functions that
the wild-type FlHth might have (including activation of exd and its
nuclear translocation).
One of the most exciting and unexpected results of our work is
the observation that the FlHth protein is able to activate the
transcription of exd. This result is consistent with the fact that
nuclear Exd occurs slightly after the ﬁrst expression of HD-
containing isoforms is detected. Because maternal Exd protein is
present in the cytoplasm until germ-band extension, we hypothe-
size that the levels of Exd protein are important for its nuclear
translocation. Once the full-length isoforms are translated, they
are able to activate exd transcription and the high levels of Exd
protein facilitate its entrance to the nucleus. In this respect it is
worth noting that a transactivating domain has been reported for
Hth/Meis that lies in the C-terminal part of the protein (Hyman-
Walsh et al., 2010) and that could act together with the HD to
activate exd transcription. This observation also explains why Exd
is cytoplasmic in early embryos where HthRF is present. The HthRF
isoform has the HM domain, and thus is able to bind Exd. The fact
that Exd is cytoplasmic in the presence of HthRF suggests that the
interaction between Exd and HthRF is not sufﬁcient for the
translocation during normal embryonic development. A similar
observation is made in the posterior part of the embryo. In the last
abdominal segments Exd is cytoplasmic, even though Hth is
present there (Rivas et al., 2013). This observation again suggests
that the sole presence of Hth is not sufﬁcient to translocate Exd
into the nucleus. We have shown that both HthRF and FlHth are
present in the posterior abdominal segments, and we believe that
the HD-containing Hth proteins are not able to activate exd there,
due to the counteraction of AbdB. It is possible that AbdB some-
how blocks the ability of Hth to activate the transcription of exd in
the posterior segments of the embryo. As a direct consequence,
Exd remains cytoplasmic there.
That Exd is able to translocate to the nucleus when present at
high levels in the cell, was also previously reported (Abu-Shaar
et al., 1999). We have further analyzed this phenomenon by
augmenting the levels of maternal Exd. In this case, we were also
able to detect nuclear Exd at early stages of development,
suggesting that the cytoplasmic Exd observed until germ-band
extension is due to low amounts of maternal protein. Moreover,
we could show that the nuclear translocation of Exd occurs in the
absence of any nuclear Hth isoform, as we detect nuclear Exd in
Dfhth embryos when overexpressing it. Previous work also
describes nuclear Exd in the absence of Hth in the region of the
antennal disc that gives rise to the maxillary palps (Rieckhof et al.,
1997). The same is true when ectopically expressing Exd in the
wing pouch, where nuclear Hth is absent.
In this work we were also able to show that the different Hth
isoforms show some degree of cross-regulation. It has been
previously assumed that high levels of one HM-containing isoform
leads to sequestration of Exd which will result in the instability or
loss of function of the other HM-containing isoforms (Noro et al.,
2006). However, this is not likely to be the case when ectopically
activating FlHth, because we observe ectopic activation of Exd in
the same domain where the FlHth protein is being ectopically
translated. Our results point to a more direct role of the FlHth in
repressing HthRF. This is probably important to avoid excess of Hth
protein in the embryo, which could be harmful. Probably as a
result of this regulation, the levels of total Hth detected with the
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general antibody are never too high in the embryo, and sometimes
it is difﬁcult to distinguish between the wild-type embryos and
the ones with overexpression (data not shown). Altogether these
observations suggest that despite their importance during all the
stages of development, the isoforms are very tightly regulated, not
only at the level of their spatial and temporal expression, but also
in their amount. If too much of one isoform is expressed in the
embryo, the levels of the others are downregulated, so as to
compensate total levels. It is important to take this observation in
consideration, as authors have a tendency to drive conclusions
from overexpressing experiments with the FlHth isoform. Our
results indicate that one should be careful when concluding
anything after overexpressing one isoform in a domain where
other isoforms are present.
Taken together, our work demonstrates that hth is a complex
locus and should not be considered as a functional unit. We rather
recommend to envision it as a complex, the hth complex, with
comprises at least 4 different functional units. The complexity of
this locus is shared with its vertebrate counterpart: the Meis
family. It has been shown that Meis HD-less isoforms are trans-
lated and play important roles in colorectal cancer development
(Crist et al., 2011). Understanding how the different Hth isoforms
act in the development could help to understand the mode of
action of its vertebrate homolog.
Materials and methods
Drosophila strains
The yw Drosophila strain was used as the wild-type (WT) strain
in this study. We worked with the Df(3R)hth from Exelisis (6158),
which eliminates almost all transcripts (HthRG remains in the
deﬁciency). The following transgenes and Gal4 lines were used:
SalGal4 (Cruz et al., 2009), NulloGal4 (Rose and Wieschaus 1992;
Kunwar et al., 2003), UbxGal4 (Herranz and Morata, 2001; de
Navas et al., 2006), babGal4 (Azpiazu and Morata, 2002), P{matα4-
GAL-VP16} (Bloomington), UASFlHth (Aldaz et al., 2005),
UAShthRE, UAShthRF, UAShthRG, and UASexd. We employed the
Df(3R)hth to generate the Dfhth; nulloGal4 strain and the
DfhthUbxGal4 recombinant.
Generation of transgenic ﬂies
The Gal4/UAS system (Brand and Perrimon, 1993) was used to
induce ectopic expression of Hth isoforms. To do so, three hth
cDNAs (hthRE, hthRF and hthRG) were cloned in the pUASt vector
and injected in yw embryos.
Preparation of larval cuticle
Embryos were collected overnight and aged an additional 12 h.
First instar larvae were dechorionated in commercial bleach for
3 min and the vitelline membranes removed using heptane–
methanol 1:1. Then, after washing with methanol and 0.1% Triton
X-100, larvae were mounted in Hoyer's lactic acid (1:1) and
allowed to clear at 65 1C for at least 24 h. The images were taken
in a Zeiss Axiophot optic microscope and subsequently processed
using Adobe Photoshop.
Immunostaining of embryos and discs
Embryos were collected overnight, dechorionated and imme-
diately ﬁxed in a mixture of 5% formaldehyde and heptane for
20 min at room temperature. The aqueous phase was removed and
the methanol was added. The vitelline membranes were removed
by vigorous shaking and the embryos were washed in methanol
several times. They were subsequently rehydrated and blocked in
10% BSA. The incubation with primary antibody was done over-
night in PBT (PBS, 0.1% Tween).
Discs were dissected in PBS and ﬁxed in 4% paraformaldehyde for
20 min at room temperature. They were subsequently washed in PBS,
blocked in blocking buffer (PBS, 0.3% Triton, 1% BSA) and incubated
overnight with the primary antibody diluted in blocking buffer at 4 1C.
Embryos and discs were washed in PBT, and the appropriate ﬂuor-
escent secondary antibody was added for 1 h at room temperature.
After further washes in PBT, they weremounted in Vectashield (Vector
Laboratories). Images were taken in a confocal laser MicroRadiance
microscope (Leica) and subsequently processed using Adobe Photo-
shop. The antibodies used were: anti-Hth 1:500 (rabbit) (Azpiazu and
Morata, 2002), anti-Exd 1:200 (rat)(Gonzalez-Crespo and Morata,
1995), anti-HthCterminal 1:100 (goat) (Santa Cruz Biotechnology),
anti-HthRE 1:200 (guinea pig), anti-HthRF 1:200 (rabbit).
The following antibodies were generated by Biomedal using
speciﬁc peptides:
anti-HthRE: PSTQDFSPLEETYASYRIKHEADF
anti-HthRF: CVSTPFAGAHGPILASYNAVVHPCS
Real time RT-PCR
RNA was extracted from embryos of all ages and wing imaginal
discs using the GE Healthcare extraction kit. Total RNA obtained
from each type of embryo was retrotranscribed with the
Super Script III First-Strand Synthesis SuperMix for ABI (PN
11752250) qRT-PCR. The real time PCR was performed with a
BioRad CFX 384.
For the wild-type embryos, with the aim to compare the
ampliﬁcation obtained for each couple of primers, we used
standard samples of each amplicon to estimate the efﬁciency of
the primers. This procedure allowed us to do an absolute quanti-
ﬁcation of the distinct hth RNAs.
For the wing discs and the nulloGal4/UASFlHth embryos we
used the H23 mRNA as housekeeping.
The following primers were used to amplify the FlHth and
HthRG isoforms:
Flfw: 5’-AATGCAGACGCTTCCCGGCG-3’
Flrw: 5’-CCATGGCGTCGTGGCCATAT-3’
To amplify the HthRE isoform, we used the following primers:
REfw: 5’-CTCTCCGCACATGACGCACG-3’
RErw: 5’-AAAAGTCGGGCCGGACTAAAA-3’
The primers used to amplify the HthRF isoform were the
following:
RFfw: 5’-GTCCTATATTGGCGAGCTACAATG-3’
RFrw: 5’-CAACTTCTTCTGCGTTCGGATTTG-3’
To amplify the HthRG isoform, we used the following primers:
RGfw: 5’-GGCCACGACAATCTTGAACATTTG-3’
RGrw: 5’-GGTGATGCGTTAGCTGATTGTT-3’
The following primers were used to amplify exd:
Exdfw: 5’-TGATGGCTCCGCAAGGATAC-3’
Exdrw: 5’-CATGCGTGGTGAACTCGTTG-3’
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To amplify the H23 mRNA, we used the following primers:
H23fw: 5’-CCAAGTTGGCCAGTTTTGAT-3’
H23rw: 5’-AGTTCAAGCCCGGGTATTCT-3’
In situ hybridization of discs and probe labeling
exd cDNA was cloned in a pBluescript vector. exd antisense RNA
was synthesized and labeled with digoxigenin (Roche). Discs were
dissected in PBS and ﬁxed in 4% paraformaldehyde (in PBS) for
20 min at room temperature. They were subsequently washed in
PBS, ﬁxed again in 4% paraformaldehyde (in PBT) and washed in
PBT. Discs were then washed in increasing percentages of hybri-
dization solution (HS), kept at 70 1C at least for 72 h and pre-
hybridized for 1 h at 55 1C. The probe was denatured at 80 1C for
10 min and incubated with the discs overnight at 55 1C. Discs were
subsequently washed in HS at 55 1C, in PBT at room temperature
and then incubated 2 h with anti-DIG antibody 1:2000 (Roche).
The discs were washed 3X in PBT, 1X in staining buffer (SB) and
incubated with a solution containing NBT and BCIP. The reaction
was stopped by washing with PBT and the discs mounted in
glycerol. The HS consists of 50% formamide, 5 SSC (1 SSC is
150 mM NaCl, 15 mM sodium-citrate), 50 mg/ml heparin, 0.1%
Tween20 and 40 mg/ml tRNA. The SB consists of 4 M NaCl, 1 M
MgCl2, 1 M Tris pH 9.5 and 10% Tween20.
Western blot analysis
For the western blot, embryos were lysed in RIPA buffer and
50 μg of the protein lysate was run in an acrylamide gel and
transferred to nitrocellulose membranes. Those were counter-
stained with Ponceau Red to visualize total protein transferred.
The antibodies used were: HthCterminal 1:250 (goat) (Santa Cruz
Biotechnology), anti-HthRE 1:500 (guinea pig), anti-HthRF 1:500
(rabbit), anti-tubulin 1:20 (mouse) (Hybridoma Bank).
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